The recent observation of the shadow of the supermassive black hole M87*, located at the centre of the M87 galaxy, by the Event Horizon Telescope collaboration has opened up a new window to probe the strong gravity regime. In this paper, we explicitly demonstrate the consequences of this observation on brane world black hole, whose characteristic feature being existence of a negative tidal charge. Our results are based on three observables associated with the shadow of M87*, namely, deviation from circularity, axis ratio and angular diameter of the shadow. These explicitly demonstrate that the existence of a negative tidal charge parameter, marking a deviation from general relativity, is more favoured.
Introduction
Gravitational interaction in the strong field regime, e.g., near the horizon of a black hole is supposed to provide a wealth of information regarding the nature of gravity at a fundamental level. Until recently, direct observations probing the near horizon regime of a black hole geometry were not available. With the two successive path breaking discoveries, namely the gravitational wave measurements from the collision of binary black holes and neutron stars [1, 2] and imaging the shadow of the supermassive black hole M87* at the centre of the M87 galaxy [3] [4] [5] [6] [7] [8] [9] , one can now really hope to understand the nature of gravity in the strong field regime.
Till date, general relativity is the most successful candidate for explaining gravitational interactions at all length scales. In particular, the predictions from general relativity are very much in agreement with the observations related to gravitational waves and the black hole shadow. Even then there are several theoretical reasons to look for theories beyond general relativity, a few of these include -(i) general relativity predicts the existence of singular spacetimes [10] [11] [12] , (ii) it requires existence of exotic matter in order to explain the galactic rotation curves as well as the late time acceleration of the universe [13] [14] [15] [16] , (iii) extendibility of metric beyond Cauchy horizon and loss of predictability [17] [18] [19] and more. It turns out that even though all the observations, including the above ones are consistent with general relativity, there are plenty of rooms where deviations from general relativity can be hiding in plain sight. This in part is due to the fact that not all the observational avenues have been properly explored, e.g., the quasinormal modes in the gravitational wave signal originating from the collision of two black holes has not been probed to a great accuracy due to low signal to noise ratio. Similarly, the measurement of the shadow of the supermassive black hole M87* also has its own limitations [4] [5] [6] [7] [8] . Implications of various alternative theories of gravity have been discussed in detail in the context of gravitational wave observations [20] [21] [22] [23] , however a similar discussion for black hole shadow from M87* is lacking. To fill this gap, in this work we will discuss the implications of the observed black hole shadow from M87* on theories beyond general relativity and the associated observables.
Among the various alternatives to general relativity, in this work we will concentrate on the modification due to the presence of extra spatial dimensions [24] [25] [26] [27] [28] . There are plenty of motivations for introducing such extra dimensions, starting from the unification of electromagnetism and gravity by Kaluza and Klein to resolution of the gauge hierarchy problem [25] [26] [27] . The presence of extra dimensions modify the gravitational dynamics on the four-dimensional timelike hypersurface we live in (the 3-brane). This in turn is expected to leave some observable imprint on the strong field tests for gravitational interaction. To understand how the gravitational dynamics on the brane is modified in a quantitative manner, the higher dimensional gravitational field equations are expressed in terms of the four dimensional quantities [29] [30] [31] [32] [33] [34] . Black hole solutions associated with such effective gravitational field equations [30, 31, 35, 36] often inherit a tidal charge from the extra dimensions which unlike GR can also be negative.
Possible constraints on extra dimensions from weak field tests of gravity [37] , electromagnetic observations of quasars [38] [39] [40] , collision of binary black holes and neutron stars [20] [21] [22] [23] and calculation of quadrupole moment [41] have already been reported. In this paper we investigate the shadow of such braneworld black holes in light of the observed silhouette of M87* by the Event Horizon Telescope collaboration. This enables us to comment on the signature of the tidal charge from one of the direct strong field tests of gravity.
The paper is organized as follows: In Section 2 we summarize the nature of the black hole shadow in the presence of an extra spatial dimension. Following the theoretical premise, we have defined various observables characterizing the black hole shadow in Section 3. These observables have been used in Section 4, in the context of the observed shadow of M87*, to present possible constraints on the tidal charge parameter inherited from the extra dimension. Finally we conclude with a discussion of our results in Section 5.
Notations and Conventions: We will use mostly positive metric signature convention and shall set the fundamental constants G and c to unity. The Greek indices (µ, ν, · · · ) will be used to denote four dimensional spacetime coordinates.
Black hole shadow on the brane
In this section we will provide the theoretical tools necessary for the computation of the shadow of a black hole in effective four dimensional theory, originating from a five dimensional spacetime. To understand the effect of the extra spatial dimension on the gravitational dynamics, we will consider only the Einstein-Hilbert term in the five dimensional gravitational action. As a consequence, the gravitational field equations in the five dimensional spacetime, known as the bulk, will just be the Einstein's equations. These equations when projected on the four-dimensional timelike hypersurface, namely the brane, will yield the effective gravitational field equations. The projection can be done using the projector h a b = δ a b + n a n b , where n a = ∇ a φ is the normal to the usual four dimensional brane hypersurface described by φ = constant. One then invokes the Gauss-Codazzi equations relating the curvature tensors in the five dimensional spacetime to the curvature tensors of the four dimensional brane and extrinsic curvatures associated with the brane hypersurface. This can be used to relate the five dimensional Einstein tensor to the four dimensional Einstein tensor with some additional contributions. On the geometric side such additional contributions will be originating from the bulk Weyl tensor. While in the matter sector, there will be additional contributions coming from the extrinsic curvature terms, which owing to the Israel junction condition, gets related to the matter energy momentum tensor on the brane. Following such a procedure, the effective gravitational field equations on the brane takes the following form,
In the above expression (4) G µν is the Einstein tensor constructed out of brane geometry alone, while E µν = W P AQB e P µ n A e Q ν n B , with W ABCD being the Weyl tensor in the bulk spacetime. In the matter sector as well, in addition to the brane energy momentum tensor T µν , another term Π µν appears, which is quadratic in the brane energy momentum tensor. The coupling coefficient λ b is known as the brane tension and is another characteristic parameter from the extra dimensions [28] [29] [30] 42] .
In what follows we will consider vacuum solutions in the four dimensional brane, so that the terms on the right hand side of the above equation vanishes. Thus the presence of the extra dimension is reflected through a non-zero E µν , which we will take to represent a perfect fluid solution with certain energy density and pressure. Further, we will invoke the equation of state associated with the prefect fluid representation of E µν used in [31] , such that the axially symmetric black hole solution takes the following form,
where we have defined, ρ 2 = r 2 + a 2 cos 2 θ and ∆ = r 2 − 2M r + a 2 + 4M 2 q [43] . Here M is the mass of the black hole, J = aM is the black hole angular momentum and q is the dimensionless tidal charge parameter inherited from higher dimensions. Therefore, the charge parameter q can assume both positive and negative values. For positive values of q, Eq.
(2) appears similar to a Kerr-Newmann black hole with an event horizon and a Cauchy horizon, while the case with negative q has no analogue in general relativity and thus provides a true signature of the additional spatial dimensions [36, 43, 44] . Returning back to the main focus of this paper, namely black hole shadow, suppose there exist a source of electromagnetic radiation behind a black hole, from which the photons are reaching us. There will always be some photons, with small impact parameter, falling into the black hole. As a consequence there will be a dark region in the sky of the observer, known as the black hole shadow [45] [46] [47] [48] [49] [50] , for a recent review, see [51] . The nature of the black hole shadow for Kerr as well as Kerr-Newmann black holes have been extensively studied in [51, 52] while for braneworld black holes one is referred to [53] [54] [55] . Here we briefly summarize the procedure to construct the black hole shadow in a given spacetime.
The starting point is the geodesic equations of a massless particle in the spacetime metric described by Eq. (2). It is well known that the geodesic equations are separable due to the presence of a Killing tensor. As a consequence, there are three constants of motion, the energy E, angular momentum L and the Carter constant K [56] . Using these three constants of motion one can define two possible impact parameters ξ ≡ (L/E) and η ≡ (K/E 2 ), these denote the perpendicular distance from the axis of rotation and the equatorial plane, respectively. Note that for non-zero Carter constant the motion of the photon is not confined to the equatorial plane, which endows its orbital motion a much rich structure [57] . Thus the radial and angular geodesic equations can be expressed as,
Here the functions R(r) and Θ(θ) depends on the conserved quantities, i.e., energy, angular momentum and Carter constant. The photon circular orbits are associated with constant values of the radial coordinate r = r ph and can be determined by solving the two equations, R(r ph ) = 0 and dR/dr(r ph ) = 0 simultaneously. This yields a solution of ξ = ξ(r ph ) and η = η(r ph ) as functions of r ph . In addition, one must impose the condition that Θ(θ) ≥ 0, which enables one to argue that only for K > 0 there will exist viable photon trajectories. This in turn severely constrains the allowed range of r ph in the above spacetime [57] .
To construct the black hole shadow in the observer's sky, it is customary to consider the observer to be at a large distance r 0 from the black hole with an inclination angle θ 0 from the rotation axis. This enables one to define two celestial coordinates α and β, dependent on the radius of the photon circular orbit r ph through the impact parameters ξ and η [52, 58] as well as the inclination angle θ 0 as,
Eliminating r ph from α and β one obtains the contour of the shadow in the observer's sky, dependent on the inclination angle θ 0 [51] . The shape and size of the shadow depends heavily on the background spacetime, e.g., the size of the shadow directly scales with the mass of the black hole. To illustrate the dependence of the black hole shadow on black hole hairs in a clear manner, we have presented the variation of the contours of the black hole shadow with tidal charge q, rotation parameter a and inclination angle θ 0 in Fig. 1 . Note that a negative tidal charge parameter enhances the size of the shadow compared to general relativity. Also, if an observer is at zero inclination angle with respect to the black hole rotation axis, the shadow will always be circular, although its radius will depend on the choice of the rotation parameter.
Observational avenues to look for extra dimensions in black hole shadow
In the previous section we have provided a brief introduction to the basic properties of black hole shadow arising out of braneworld black holes and how the distinct circular and dented circular shape arises as the rotation parameter changes from zero to non-vanishing values. It is worthwhile to pause for a while and ask, given a black hole shadow what are the observables using which one can test various hairs of the black hole [59] . This in turn will help us to understand the nature of gravitational interaction at strong gravity regime and whether effects beyond general relativity are present, e.g., in the present context extra dimensions.
The most important observable associated with the black hole shadow corresponds to the diameter of the shadow, ∆β. Since the shadow is not circular, there can be two possible diameters associated with the rightmost position of the shadow boundary located at (α r , 0) and finally (d) the leftmost position of the shadow boundary located at (α l , 0) (see Fig. 2 ). Following which one introduces two unique length scales, namely the minor axis ∆α = α r − α l and the major axis ∆β = β t − β b , which coincides with ∆α if the shadow is circular in nature. These expressions can be derived analytically, since the boundary of the shadow can be considered as a curve β(α), whose maxima is the point (α t , β t ), while the minima is located at (α b , β b ). Thus one needs to solve for (∂ α β) a,q,θ0 = 0. This translates into, (∂ r ph β)(∂ r ph α) −1 = 0 and hence one has two conditions, either (∂ r ph α) −1 = 0 or, (∂ r ph β) = 0. These lead to the expression for r ph and hence one arrives at (α t , β t ) as a function of the black hole parameters (a, q) and the inclination angle To understand the physics that can be extracted from the diameter ∆β associated with the black hole shadow, we have plotted the same (in units of GM/c 2 ) in Fig. 3 for three different inclination angles. For inclination angle of 90 • , the diameter ∆β does not depend on the black hole rotation parameter a and hence it only varies with the tidal charge parameter q. On the other hand, for other inclination angles, the diameter does change with both a and q.
Another distinct feature associated with the shadow of a rotating black hole arises when it is observed from a viewing angle different from zero and corresponds to its characteristic dented circular shape. Thus deviation of the shadow from circularity is another primary observable. For this purpose, one first identifies the central point of the shadow, which is located at α c = (1/Area){ dA α}, β c = 0. Given this central point, one defines an angle φ, which is the angle between the α-axis and the line joining any point on the boundary of the shadow with the centre (α c , β c ). Hence one obtains the distance between the centre and any point on the boundary of the shadow to read, (φ) = (α(φ) − α c ) 2 + β(φ) 2 [50] . This enables us to define the average radius, R av as,
Thus the deviation from circularity can be defined as,
The celestial coordinates {α(φ), β(φ)} depends on the mass M , rotation parameter a, the tidal charge q and the inclination angle θ 0 . Therefore, the radius R av depends on these parameters as well. This in turn leads to the expression for ∆C, which also depends on these parameters. Thus for a given inclination angle, the deviation from circularity will be functions of rotation parameter a and tidal charge q. Following which we have plotted ∆C in the (a, q) plane for inclination angles of 45 • and 90 • respectively in Fig. 4 .
As the left plots presented in Fig. 4 demonstrate, for a smaller inclination angle, the above estimate of the deviation from circularity is very small, while it increases as the inclination angle increases. On the other hand, for a = 0, the deviation from circularity identically vanishes, while as a increases the deviation also increases. Finally, for a fixed rotation parameter a, as the tidal charge increases from negative to positive values, the deviation from circularity also increases. Thus if the deviation from circularity of the shadow can be explicitly measured, it will possibly lead to interesting bounds on the (a − q) plane given the inclination angle. Another observable of similar nature correspond to the axis ratio ∆A ≡ {∆β/∆α}, where ∆β is the largest distance between two points on the boundary of the shadow, known as the shadow diameter and ∆α is the extent of the shadow on the β = 0 line. For non-rotating or, vanishing inclination angle these two lengths match, yielding ∆A = 1. On the other hand, for a rotating black hole viewed from a non-zero angle, the two lengths will not be the same and hence ∆A will be different from identity. Thus if one plots ∆A in the (a, q) plane for a rotating black hole with non-vanishing inclination angle it will also depict a measure of deviation from circularity. Following which we have plotted the behaviour of axis ratio ∆A in the (a, q) plane with different inclination angles in Fig. 4 . As evident from the plots in the right column, with increase in the inclination angle the axis ratio also increases, which is consistent with the enhancement of the deviation from circularity. Thus our theoretical expectations are borne out in Fig. 4 , which when applied to the real data from black hole shadow measurement, may shed some light on the nature of gravity in the strong field regime.
Shadow of M87* and extra dimensions
In this section we use the results from the event horizon telescope, which reports that the angular diameter of the shadow of M87* is (42±3) µas [4, 8, 9] , to discern the observationally favoured values of a and q. The observed shadow exhibits an axis ratio < 4/3 and the deviation from circularity ∆C is reportedly less than 10%. This can certainly be used to test whether negative/positive values of the tidal charge parameter are favoured. In order to determine the same we compute the angular diameter of the shadow, which apart from the background metric and the inclination angle depends largely on the mass and the distance. For example, an increase in mass and a decrease in distance leads to an enhancement of the angular diameter. The inclination angle is taken to be 17 • , which the jet axis makes to the line of sight [4, 8, 9] . The distance D based on stellar population measurements is estimated to be D = (16.8 ± 0.8) Mpc [61] [62] [63] , while the masses, M ∼ 6. In Fig. 5 we plot the angular diameter of M87* based on the above distance and mass measurements from stellar dynamics along with the mass estimations from the EHT collaboration. This explicitly demonstrates that the measured angular diameter of (42 ± 3) µas is compatible with only with negative values of q for arbitrary rotation parameter. This can be attributed to the increase in the size of the shadow with increase of negative tidal charge parameter (Fig. 1 ). This result further explains why the mass of M87* estimated by the EHT Collaboration (M = (6.5 ± 0.7) × 10 9 M [4, 8, 9] ) is greater than both the previous estimates. Since the background was represented by the Kerr metric, i.e., general relativity the observed angular diameter is compensated by a greater mass. We note that only when the mass estimated from the shadow measurements (i.e., M = (6.5 ± 0.7) × 10 9 M ) is considered along with the negative error in distance (i.e., D = 16 kpc), the angular diameter becomes 39 µas, in which case the q = 0 scenario (i.e., general relativity) becomes viable. However, even with these mass and distance measurements the desired angular diameter of 42 µas can be achieved only when a negative tidal charge is allowed.
We should emphasize that the above estimate arises out of the assumption that the boundary of the shadow coincides with the maximum observed emission, which may not be necessarily true. In other words, there can be an offset of 10% between the shadow region and the emitting region which surrounds it [9] . In that context, a more conservative estimate is to take the angular diameter 38.8 µas. Even then a negative tidal charge parameter seems to be more favoured. Unfortunately, through this analysis it is not possible to provide any constraint on the spin of the black hole. However, we note that assuming the Standard and Normal Evolution (SANE) and Magnetically Arrested Disk (MAD) models, the rejection table of [8] asserts that the black hole spin values, |a| = 0.5 and 0.94 are more favoured. This is also consistent with our analysis.
Finally, due to the very low inclination angle, the other observables, namely the deviation from circularity ∆C, and axis ratio ∆A cannot provide any further constraints. This is because according to the EHT collaboration ∆C < 10%, while in the present context, even for extreme situation, one only gets deviation from circularity to be ∼ 0.1%. Similarly, the axis ratio reported in [4] is ∆A < 4/3, while in our case ∆A is only as high as 1.106. Thus the parameter space derived using the shadow diameter is consistent with the bounds on deviation from circularity and the axis ratio. This has been demonstrated explicitly in Fig. 6 . 
Concluding Remarks
In this paper, we have used the black hole shadow measurement from the supermassive black hole at the centre of the M87 galaxy to comment on possible existence of extra dimensions. Among several possible black hole solutions in the context of extra dimensions, we have considered the rotating braneworld black hole, originating from the effective gravitational field equations on the brane. A distinctive feature of the black hole solution is the existence of a negative tidal charge parameter. Thus one may ask, given the measurement of the angular diameter of the shadow from M87*, whether some comment on the nature of the tidal charge parameter can be made.
The estimated angular diameter of the supermassive black hole M87* from the EHT collaboration is (42 ± 3) µas. We observe from Fig. 5 that the above value of the angular diameter, associated with the shadow of M87*, predicts the tidal charge parameter to be ∼ −0.7 for small values of |a/M |, while for |a/M | ∼ 0.9, the tidal charge parameter becomes ∼ −1.0. Hence negative values of the tidal charge parameter seems to be necessary in order to explain the above observed data for angular diameter of M87*. However, we note that the case of vanishing tidal charge, namely the situation with general relativity, is also within the error limit of ±3 µas. Thus the shadow measurement does not rule out general relativity, but do prefer the negative values of the tidal charge parameter. Interestingly, this turns out to be consistent with our earlier finding from the study of electromagnetic emission from the accretion disk around quasars [38, 39] . Moreover, if one works within the framework of general relativity, the measured angular diameter can be reproduced by a larger mass of the supermassive black hole. Consequently, the mass estimation for M87* from the shadow measurements by the EHT Collaboration is M = (6.5 ± 0.7) × 10 9 M . While the mass of the black hole reported previously from stellar dynamics and gas dynamics constraints are M ∼ 6.2 +1.1 −0.5 × 10 9 M and M ∼ 3.5 +0.9 −0.3 × 10 9 M respectively, smaller that the prediction from EHT collaboration.
As a final remark, note that this observation is based on a single data from the black hole in M87. The other observables, namely the deviation from circularity and axis ratio do not tell us anything new regarding the tidal charge parameter, owing to the small inclination angle of the central black hole M87*. Thus in the future, as more such shadow measurements become available, we will be able to provide further constraints on the negativity of the tidal charge parameter and possibly on the existence of extra dimensions. This analysis will not only open up further avenues to test general relativity but will also provide key observables one may look for as more and more observations of black hole shadow become available.
